Introduction
M e m b r a n e d i s t i l l a t i o n ( M D ) i s a n e v a p o r ation/condensation process of volatile components through a hydrophobic porous membrane. The maintenance of gas phase inside the membrane pores is a fundamental condition required to carry out the MD process. A hydrophobic nature of the membrane prevents liquid penetration into the pores. Membranes having these properties are prepared from polymers with a low value of the surface energy, such as polypropylene (PP), polytetrafluoroethylene (PTFE) or polyvinilidene fluoride (PVDF) (Alklaibi & Lior, 2005; Bonyadi & Chung, 2009 , Gryta & Barancewicz, 2010 . Similar to other distillation processes also MD requires energy for water evaporation. The hydrodynamic conditions occurring in the membrane modules influence on the heat and mass transfers, and have a significant effect on the MD process efficiency. The MD separation mechanism is based on vapour/liquid equilibrium of a liquid mixture. For solutions containing non-volatile solutes only the water vapour is transferred through the membrane; hence, the obtained distillate comprises demineralized water (Alklaibi & Lior, 2004; Gryta, 2005a; Schneider et al., 1988) . However, when the feed contains various volatile components, they are also transferred through the membranes to the distillate (ElBourawi et al., 2006; Gryta, 2010a; Gryta et al., 2006a) . Based on this separation mechanism, the major application areas of MD include water treatment technology, seawater desalination, production of high purity water and the concentration of aqueous solutions (El-Bourawi et al., 2006; Drioli et al., 2004 , Gryta, 2006a , 2010b Karakulski et al., 2006; Martínez-Díez & Vázquez-González, 1999; Srisurichan et al., 2005; Teoh et al., 2008) . A few modes of MD process are known: direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), sweeping gas membrane distillation (SGMD), vacuum membrane distillation (VMD) and osmotic membrane distillation (OMD). These variants differ in the manner of permeate collection, the mass transfer mechanism through the membrane, and the reason for driving force formation (Alklaibi & Lior, 2005; Gryta, 2005a) . The most frequently studied and described mode of MD process is a DCMD variant. In this case the surfaces of the membrane are in a direct contact with the two liquid phases, hot feed and cold distillate (Fig. 1) . The DCMD process proceeds at atmospheric pressure and at temperatures that are much lower than the normal boiling point of the feed solutions. This allows the utilization of solar heat or so-called waste heat, e.g. the condensate from turbines or heat exchangers (Banat & Jwaied, 2008; Bui et al., 2010; Li & Sirkar, 2004 The driving force for the mass transport in DCMD is a difference of the vapour pressure (p), resulting from different temperatures and compositions of solutions in the layers adjacent to the membrane (Fig. 1 ). The stream parameters (temperature, concentration) at the solution/membrane interface differ significantly from those in the bulk, as a result of the polarization phenomena associated with both the temperature and concentration. These phenomena cause a decrease in the vapour pressure difference across the membrane which in turn leads to the reduction of the permeate flux in the MD process. Therefore, the hydrodynamic conditions have a pronoun influence on the efficiency of the MD process (Alklaibi & Lior, 2005; Gryta, 2002a Gryta, , 2005a Gryta, , 2005b Gryta et al., 2000; Martínez-Díez & Vázquez-González, 1999; Li & Sirkar, 2004) . The feed temperature in the MD module decreases due to evaporation, which also causes a reduction of MD driving force, in addition to the temperature polarisation. Therefore, the permeate flux can be increased several times when the flow rate and temperature of the feed is enhanced in an appropriate way. Moreover, the shape and dimensions of the channels through which liquid flows in the module has an important effect on the permeate flux Schneider et al., 1988; Teoh et al., 2008) . The efficiency of MD process depends, in a significant degree, on the morphology of used membranes. The permeate flux increases along with an increase in membrane porosity and pore diameter (El-Bourawi et al., 2006) . The higher the wall thickness of membrane, the larger the diffusion resistance. Therefore, a larger efficiency can be achieved for thinner membranes. However, the thick membranes undergo mechanical damage more easily, and, the manner of their assembly in the MD module plays an essential role (Gryta et al., 1997) .
Heat and mass transfer in MD process
In the MD process both heat and mass transfer occur simultaneously, therefore, both temperature and concentration polarization effects should be taken into consideration. A number of theoretical models have been developed for the description of the membrane distillation (Alklaibi & Lior, 2005; El-Bourawi et al., 2006; Gryta, 2002b Gryta, , 2008 Gryta et al., 1997 Gryta et al., , 1998 Lawson & Lloyd, 1997; Li & Sirkar, 2004; Martínez-Díez & Vázquez-González, 1999) . The models of direct contact MD were based on the assumption that vapour www.intechopen.com permeates through the porous membrane, as a result of the molecular diffusion, Knudsen flow and/or the transition between them. The permeate flux can be described by:
where p F and p D are the partial pressures of saturated water vapour at temperatures T 1 and T 2 (Fig. 1) , and , , s, T m are the porosity, tortousity, thickness, and mean temperature of the membrane, respectively, and M is the molecular weight of water, R is the gas constant, P is the total pressure, and D WA is the effective diffusion coefficient of water vapour through the membrane pores. The vapour pressure of water for the diluted solutions can be determined e.g. from the Antoine equation (Gryta et al., 1998) . However, for concentrated solutions the effect of solute concentration on the partial vapour pressure it should be taken into account.
The literature offers a considerable number of equations and the experimental data, which can be used to solve this problem. The temperatures in the layers adjacent to the membrane (T 1 , T 2 ) are dependent on the values of the heat transfer coefficients in the MD module (Gryta et al., 1997 (Gryta et al., , 1998 . The values of these coefficients increase along an increase of the flow rates, thus, the temperature polarization can be considerably reduced by the application of high flow rates. Moreover, a higher flow rate decreases the temperature difference of streams at the inlet and outlet of the module, resulting in the increase of the temperature difference across the membrane. The temperatures T 1 and T 2 cannot be measured directly. A series of equations for their calculations have been presented in the MD literature (Alklaibi & Lior, 2005; Gryta et al., 1997 Gryta et al., , 1998 Khayet et al., 2004; Lawson & Lloyd, 1997; Schofield et al., 1990 ). These equations were derived for the steady state conditions, under which the amount of heat transferred to and from the surfaces adjacent to the membrane is equal to the amount of heat transferred inside the membrane. For the case presented in Fig. 1 we can write:
A solution of the above equations allows to determine the temperatures T 1 and T 2 -Eqs. 2 and 3. These equations were derived with the assumption of the linear temperature change in the membrane and isoenthalpic flow of vapour (Gryta et al., 1998) . (Phattaranawik et al., 2003) :
The convective heat-transfer coefficient (h i ) can vary in a wide range, depending on the design and working conditions of the MD module. Thus, the accurate determination of its value has an essential meaning. The coefficients h D and h F can be calculated from equation:
The Nusselt number occurring in this equation is most often determined from the following correlation:
where C, a, b, c are the coefficients depending on a channel configuration of the heat exchanger and a flowing character of the streams. Nusselt number correlations developed for the heat exchangers can be used for heat transfer calculations in MD modules. However, care must be taken in the selection of the appropriate correlation. The Nu correlations selected for the tubular exchanger were also applied successfully for the model calculation of MD process in the capillary module. For a MD module with the membranes arranged in a form of braided capillaries the following form of the Nusselt number was successfully used for laminar flow (Gryta et al., 1998) :
where L is the module length, the Peclet number (Pe) is given by the equation Pe=PrRe, the Prandtl number (Pr) is Pr=c PS , the Reynolds number (Re) is Re=v d h  and c PS , are the viscosity, density and the specific heat of solution, respectively.
MD process parameters
The feed stream temperature has a significant effect on the level of permeate flux in the MD process (Fig. 2) . At constant distillate temperature (293 K) the elevation of T F from 333 K to 358 K caused an increase in the permeate flux by about 100-200% (Wang et al, 2008) . The presented results confirmed that a high efficiency in the MD process could be achieved when the feed temperature is close to the boiling point. Such a high increase of the flux can be explained by an exponential dependence of the vapour pressure on temperature (Fig. 2 -broken line) . Thus, the driving force for the mass transfer also increases with increasing the feed temperature. Increasing the distillate temperature causes the reverse effect, i.e. declines of permeate flux. However, the changes of permeate flux are not so pronounced as in the case of feed temperature variation. As a results of the exponential function p=f(T) considerably large changes of p were achieved for the feed (e.g. from 333 to 358 K) than for distillate (e.g. from 293 to 318 K) (Gryta, 2002b; Gryta et al., 2000) . The results presented in Figs. 2 and 3 demonstrate that the flow rate of streams also considerably affects the efficiency of the MD process. Generally, the efficiency of MD module increases with an increase of the flow rate. This effect is particularly significant for the feed flow rate and is slightly smaller for the distillate flow rate (Gryta et al, 1998 . The effect of the feed flow rate was particularly noticeable in a region of low flow rates. Moreover, the improvement of module efficiency obtained by a variation of the flow rate is limited, since the optimum flow rate of streams exists for each MD module. The experimental results demonstrate that the efficiency of MD module used in the studies ( The observed dependence of permeate flux on the flow rate is essential due to two effects. Firstly, the values of the heat transfer coefficients rise along with an increase of the flow rate, thus a negative influence of temperature polarization decreases. The value of coefficient h equal to 5000 W/m 2 K is considered a threshold value; above this value the effect of temperature polarization may be neglected (Gryta et al, 1998 . This value was achieved at v F of about 0.6 m/s. Secondly, an enhancement of the flow rate caused that the outlet temperatures of streams were closer to their temperatures at the module entrance (Fig. 4) , which also increases the driving force for mass transfer (Gryta, 2002b; Gryta et al., 2000) . conditions the permeate flux also increases, which causes the limitation of heat losses (heat conducted through the membrane material). As a result, an increase in the module yield influences on the enhancement of heat efficiency of the MD process and the amount of heat conducted across the membrane (Q C ) decreases (Criscuoli et al. 2008; Gryta, 2006b) . The streams in MD modules may flow either co-currently, or counter-currently similarly as in the heat exchangers. The larger driving temperature differences can be achieved using the counter-current flow. As a result, an adverse increase in the amount of heat conducted (Q C ) take place in the MD process, whereas the permeate flux is only slightly enhanced (Fig.5) . A serious drawback of the counter-current flow is that the flow enables the accumulation of inert gases inside a MD module (Fig.6 ). The gas bubbles fill the channels hindering the liquid flow and they adhere to the membrane surface, which hinders the mass transfer and as a consequence the MD module efficiency is reduced (Gryta, 2006c) . The amount of gases evolved from liquid increases with increasing feed temperature. During the desalination of natural water by MD the desorption of gas form the separated feed is particularly intensive above 343 K. The horizontal arrangement of MD module allows, in a certain degree, to remove a portion of gas bubbles accumulated in the module channels. In the case of module working in a vertical position, the gas will be removed only from the space in which the liquid flows upwards, whereas on the other side of the membrane (e.g. on the shell side - Fig. 6 ) a volume of entrapped gas phase will be systematically increasing. As a result, the efficiency of module positioned vertically is definitely smaller than that obtained for modules working in a horizontal position (Fig. 7) . The inert gases can be removed from the MD installation using degassing of water feeding the membrane module. However, this requires an additional operation that increases the process costs. The problem of inert gases can be solved in a simple way when an additional port-valve is added to the upper part of housing of vertically positioned module (Fig, 8) . It enables the removal of inert gases accumulated in the shell of the module. This prevents a decline of the permeate flux and the module efficiency was progressively increased along with increase of feed temperature (Fig. 9) . Similarly as before (Fig. 5) , the permeate flux for the countercurrent flow was only slightly larger than that obtained for the co-current flow. For this reason, it is advantageous to eliminate gas accumulation in the module channels using cocurrent flow (Gryta, 2005b) . In this case the MD module is vertically positioned, and the streams of feed and distillate flows upwards in the module. This allows to remove the bubbles of inert gases formed from MD module in a natural way. 
Hydrodynamic entrance length
The distance from the channel inlet to the point of the stabilization of laminar velocity profile is defined as the hydrodynamic entrance length (marked as "L H ") (Andersson & Irgens, 1990; Chu-Lien et al., 2010; Doughty & Perkins, 1970; Zhang et al., 2010) . Different correlations for the calculation of the Nusselt number are presented in literature for entrance and fully developed flow regions (Gryta et al., 1997 (Gryta et al., , 1998 . In the membrane systems often the laminar flow is applied. The membrane modules are relatively short; therefore, the flow development in the entrance region cannot be sometimes omitted. It will be suitable only in the case, when the ratio of the entrance region to the total membrane area is low. Heat and mass transfer in membrane-formed parallel-plates channels play a key role for performance analysis and system design. The streams flow in the plate-and-frame module is similar to laminar flow inside the rectangular channel. Therefore, the calculation of L H entrance length can be made based on the Navier-Stokes equations (Bennett & Myers, 1962; Zhang et al., 2010) . For the symmetric channels the growing of hydrodynamic boundary layer is completed when the axial line of duct is reached. The solution of Navier-Stokes equations for the flow between the parallel walls is given by Howarth, and for this case we have (Bennett & Myers, 1962) :
where h is a high of channel.
A similar relation for analysis of flow inside the broad rectangular channel was obtained, but the coefficient value was 0.04 (Prandtl, 1949) . The correlation allowing to calculate the L H value for the flow in tubes have a similar form to that presented by equation (9). Most frequently the value of this coefficient is given as equal to 0.03 or 0.0575, whereas the Re number is determined for an average flow rate in the tube. The permeate flow through the porous wall influenced on the velocity profile, however, for most membrane processes (wall Re <1) the analytical solution is sufficient because the symmetric radical of velocity profiles exists.
Parallel-plates channels are the most common structure for plate-and-frame modules. They are simple, and easy to assemble. In plate-and-frame modules usually occur a number of smaller parallel channels instead of one wide channel (Gryta et al., 1997) . This caused, that the interaction of side walls also have the influence on the formation of velocity profile. The studies carried out to determine the L H value for a channel with width 45 mm and height respectively: 5, 10 and 15 mm gave different results in a comparison with those calculated from Eq.(9). The velocity parabolic profile in XY plane (flow only between parallel plates) was formed earlier, and the observed side-walls effect increases with increasing L H values. Due to the side-walls interactions, the hydrodynamic entrance length was established faster, and indicated nonlinear function (Fig. 10) . In the rectangular channel the created temporary parabolic profile (plane XY) was transformed into the deformed parabolic profile (plane XYZ). According to the theory of boundary layer, the entrance length L H is dependent as follows:
where a is the channel width, v A and are average flow rate and kinematic viscosity, respectively. Taking into consideration a non-linear form of function and the dimensional analysis, the expected function can be expressed as:
where d h is hydraulic diameter. The b1 and b2 coefficients were estimated from the Levenberg-Marquardt Method with minimization of sum of the square deviation. Two hundred of measuring points were used for this analysis. The Snedecors test (F) for significations correlation study has been applied (Volle, 1969) . The significance of coefficients study was carried out using Student test (t). In the both tests the signification level has been taken as =0.05. The obtained function was as:
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The calculated values of squared coefficient of variation for this equation was 0.95. The results presented in Fig.11 
Membrane modules for MD process
The availability of the industrial MD modules is currently one of the limitations for MD process implementation. Flat-sheet membranes in plate-and-frame modules or spiral wound modules and capillary membranes in tubular modules have been used in various MD studies Schneider et al., 1988) . The design of the MD modules should provide not only good flow conditions, but also has to improve the heat transfer and thermal stability (Teoh et al., 2008; Srisurichan et al., 2006; Phattaranawik et al., 2003) .
Capillary MD modules
The capillary membrane module is a bundle of porous capillaries packed into a shell similar in configuration to a tube-and-shell heat exchanger (Ju-Meng et al., 2004; Schneider et al., 1988) . Because of their very high rate of mass transfer, the capillary modules have been used in many practical applications, such as liquid/liquid extraction, artificial kidney, and desalination studies (Singh, 2006) . As a thermally driven process, MD can be significantly affected by temperature polarization (Alklaibi & Lior, 2005; El-Bourawi et al., 2006 , Su et al., 2010 . Among various types of membrane modules, the capillary module shows the least temperature polarization, so it must have a great future in this field (Zhongwei et al., 2003) . In a capillary module used in MD process, the fluid temperatures and transmembrane flux may vary axially alongside the module (Gryta, 2002b) . Usually, the feed flows inside the capillary lumen, and distillate flows on the shell side. Theoretically, the capillaries in a bundle can be packed regularly across the shell of a module as in tube-and-shell heat exchanger. In most industrial modules, however, the distribution of capillary is far more arbitrary; the capillaries are randomly packed in the shell. This leads to a range of duct sizes and shapes in the shell, or the module shows a certain extent variation of the local packing fraction , Ju-Meng et al., 2004 Zhongwei et al., 2003) . The vast majority of the MD processes occur in the regions with the local packing fraction, φ between 0.3 and 0.6. Production rate (93%) of the module is from these regions, and they occupy only 75% of the overall membrane area of the module. In the regions with φ larger than 0.6, the distillate flow rates are too much smaller than that of the feed, so their temperatures are very close to that of the feed. This means that more than 20% of the feed stream goes through the module almost without any driving force for MD process, so the associated membrane area, more than 20% of the total, is ineffective (Ju-Meng et al., 2004) . A dislocation of the membranes can be limited using a high value of packing fraction φ. However, this caused a reduction of the channel dimensions on the shell side and the increase in the flow resistance, which hinders the application of appropriate high flow rate of distillate. This is an important aspect, because when the distillate flow rate increases, its temperature will become less affected by heat transfer and vapor condensation from the feed side of the membrane, and so does the feed stream. This means that the increment of flow rates can enlarge the temperature difference between these two streams in the module, and in this way the MD process is improved (Zhongwei et al., 2003) . With regards to this, a value of the φ coefficient in MD modules should amount to 0.4-0.6 Ju-Meng et al., 2004; Schneider et al., 1988) . In order to limit the changes of capillaries arrangement inside the shell, one should use such assembly of capillaries, which prevents their free displacements. Good results have been obtained by assembling the membrane capillaries inside the sieve baffles or by a tight packing of membranes in a form of braided capillaries Schneider et al., 1988) . A comparison of results obtained for the module having the same value of φ coefficient equal to 0.33, but differing in the manner of membranes assembling is presented in Fig. 12 . A traditional construction (module M1) based upon the fixation of a bundle of parallel membranes solely at their ends results in that the membranes arrange themselves in a random way. This creates the unfavorable conditions of cooling of the membrane surface by the distillate, which resulted in a decrease of the module efficiency Schneider et al., 1988; Zhongwei et al., 2003) . In module M3 the membranes were positioned in every second mesh of six sieve baffles, arranged across the housing with in 0.1-0.15 m. The most advantageous operating conditions of MD module were obtained with the membranes arranged in a form of braided capillaries (module M2). This membrane arrangement improves the hydrodynamic conditions (shape of braided membranes acted as a static mixer), and as a consequence, the module yield was enhanced A good indicator of the hydrodynamic conditions in a module is the analysis of residence time distribution (RTD). The value of liquid flowing time through the module with good design solution should be closed to the RTD value. The effect of shell-side residence time distribution on mass transfer performance was studied (Lemanski & Lipscomb, 1995) . It was pointed out that plug flow would be obtained in an ideal hollow fiber module, but in real shell-side flow the distribution of fluid across the capillary bundle tended to broaden the RTD. The studies of residence time distribution for a colored impulse in the modules M1-M3 were shown in Figs. 13-14. The RTD value was calculated for assumed plug flow, taking into account a value of φ=0.34. A dye injected into the module appeared the fastest at the outlet of module in the case of module M1 (bundle of parallel capillaries), moreover, the residence time of dye in this module was also the longest. Such result indicates that the nonuniform distribution of capillaries inside the shell caused the formation of channels with different diameters. The distillate was flowing faster in wider channels than the calculated average velocity. As a result, colored water was out flowing faster from the module exit than the calculated RTD value. The time of water flow in the two remaining modules (M2 and M3) was definitely closer to the RDT value. This indicates, that the dimensions of channels between the capillary membranes had the similar dimension and liquid flows uniformly through the module cross-section. The visual observations also confirmed this fact; dye was uniformly filling up the housing space. The situation was different in the case of module M1, where due to differences in the flow rates, preceded diversity in the intensity of water coloration. A prolongation of residence time of dye in the module was observed at the flow rates higher than 0.5 m/s. This was associated with growing intensity of liquid mixing in their internal. It was observed, that the vortexes appeared along with the increase in the flow rates. As a result, the portion of colored water were backward transferred, what caused the coloration of new portion of water and due to growing volume of colored water, an apparent longer time of residence in the module was noticed.
Module with flat sheets membranes
The flat sheet membranes are used in the plate-and-frame modules and spiral-wound module design. In the first case, the flat sheet membranes are assembled between the plates having several channels. The membranes are stacked in flow channels connected in series or in parallel. Usually, the plates are rectangular with the flow from one end to the other. The spiral-wound module uses the flat sheet membranes wound around a central tube. The membranes are glued along three sides to form "leaves" A feed channel spacer (a net-like sheet) is placed between the leaves to define the channel height. A three-channel design can be used in the spiral wound module, which allows the recovery of heat transferred from the feed to distillate (Fig.15) . (Winter et al., 2011) Based on this solution, spiral wound MD modules with a 5-14 m 2 effective membrane area have been developed by Fraunhofer Institute for Solar Energy System (Winter et al., 2011) . The cold feed water enters the condenser channel and is heated to approximately 346 K due to internal heat recovery. An external heat source (e.g. solar collector) heats the feed water up to 353 K. The hot feed flows through the evaporator channel in a counter-current direction and exits the module at 300 K. Water vapour passes through the membrane and condenses in the distillate channel. The latent and sensible heat is transferred through the condenser foil to preheat the feed water in the condenser channel. Due to increasing flow resistance, a fast feed flow cannot be used in such a module. As a result, decreasing the vapour pressure with salinity reduces the process driving force. The feed water salinity is considered one of the most important parameters affecting the spiral wound module concept. Larger flow velocities can be used in the plate-and-frame module than in the spiral wound modules. Therefore, the plate-and-frame modules can be utilized for the separation of concentrated salt solutions. The channels in the plate-and-frame modules are shorter; and as a result, an excessive increase of hydraulic pressure is limited. For this reason, several authors suggest the use of spacers as the turbulence promoters (Chu-Lien et al., 2010 , Martínez & Rodríguez-Maroto, 2006 , because turbulent flow is an appropriate method to decrease the negative effect of polarization phenomena. The turbulent or upper transition flow regime was found in the spacer-filled channels for UF although the Reynolds numbers were still in the laminar regime (Phattaranawik et al., 2003) . Net-type spacers are often put into the flow channels in the membrane processes to improve the mass transfer and to reduce the effect of concentration polarization and fouling. The spacers can also be utilized in MD since they destabilize the flow and create eddy currents in the laminar regime so that heat, and mass transfer are enhanced (Teoh et al., 2008; Phattaranawik et al., 2003) . The permeate fluxes obtained from the experiments with spacer-filled channels were compared with those obtained in the experiments performed under laminar and turbulent flow conditions, but for modules with non-filled channels. In the case of experiments with the spacers, a 26-56% increase in the permeate fluxes was achieved, compared with the fluxes performed under laminar flow (Martínez & Rodríguez-Maroto, 2006) . However, these fluxes were much lower than those obtained from turbulent flow conditions in the empty channels. This results from the fact, that the feed evaporates during the flow through a module, causing a relatively fast decrease of the feed temperature, which reduces a value of driving force for mass transfer. Thus, in the MD process both the value of the flow rate (m/s) and the volumetric flow (m 3 /s of feed per unit of the membrane area) have a considerable importance. A sufficiently large value of heat transfer coefficient (e.g. 5000 W/m 2 K) allowing to eliminate the temperature polarization, can be generated for laminar flow (Gryta, 2002b) . Although a further increase in the flow rate will not have a substantial influence on the reduction of the temperature polarization, the value of volumetric flow (m 3 /s m 2 ) will increase significantly, and beneficial results, such as enhancement of the permeate flux, will be obtained. The nets exhibit the filtration properties, which hinder the use of modules with the channels filled with the nets in certain applications (Fig.16) . The concentration of non-clarified juices cannot be carried out with the utilization of such modules (Jiao et al., 2004) . The desalination process of hard water, in which significant amounts of CaCO 3 precipitates are formed (Gryta, 2005a (Gryta, , 2006b , can be another negative exemplary. As demonstrated the nets, favors the hydrogenous crystallization (Gryta, 2009) , which would increases the intensity of scaling in the module. The flat sheet membranes exhibit a low resistance to mechanical damage; therefore, they are reinforced by the application of supporting nets. However, the presence of nets decreases the heat and mass transfer to membrane surfaces, while significantly enhancing the polarization phenomena. These phenomena reduce the difference between T 1 and T 2 interfacial temperatures (Fig. 1) , compared to the design when no net was used. Consequently, the driving force for mass transfer is also reduced in the case of net supported membranes. Therefore, a module design in which a part of channel is empty, while a part is filled by net supporting the membrane, significantly influenced reduction of MD efficiency (Gryta et al., 1997) . The module performance can be improved by elimination of nets and by an increase of the number of channels on a module plate so that their walls fill the role of edges supporting the membrane (Fig. 17) . It was found that an arrangement of edges every 15-20 mm was appropriate for the membranes made of PVDF and PTFE with the thickness of 100-150 m (Gryta et al., 1997; Tomaszewska et al., 2000) . The individual plates of the module possess a series of channels connected most frequently with one feeding channel. As the pressure in this channel increases along with the increase in the flow rate, it may lead to membrane damage in this region. This problem was solved by placing an inlet opening of feeding channel below a plane of the distribution channels, which were connected by an additional lateral channel (Fig.17) . As a result, liquid with large velocity flew out from the inlet channel and spreads on sides in the lateral channel. As its cross-section is several times larger, liquid flow rate slows down and flows into the distribution channels with a lower energy (Fig. 18) . A visualization of feed flow in the distribution channel of the plate-and-frame module with a central one-point feeding of the plate was shown in Fig. 19 . Fig. 18 . The schema of water flow inside the distribution channel of the plate-and-frame module presented in Fig. 17 www.intechopen.com 
Uniformity of flow
In the capillary modules good conditions of mixing and a flow close to plug flow can be achieved by using an appropriate design, e.g. by assembling the braided capillaries. However, the achievement of uniform flow of liquid throughout the entire cross-section of plate-and-frame modules is definitely more difficult. As a rule, one can expect different flow rates in the particular channels. The studies have demonstrated that this variability is dependent not only on the location of channels, but also on the rate of module feeding. A visualization of variations in the flow rates of liquid in the particular channels of the module with a central one-point feeding of plate was shown in Figs. 19 and 20. The larger is the fraction of a given channel filled with colored water, the larger is the flow rate of liquid in this channel (relative for each case). In these studies, a module was feed with a flow rate of 0.1-0.86 dm 3 /min, which corresponds to the average flow rate of 0.007-0.06 m/s. The obtained results indicate that the highest flow rate was achieved in the terminal channels, whereas the lowest rate was obtained in the module axis. This tendency was growing along with an increase in the supply flow. Most likely, a slight increase in the middle channel width would reduce the flow rate resistance, and as a result, cause a larger uniformity of flow rate distribution across the entire plate of the module. A substantial improvement in the flow uniformity was achieved when the water was feed into the feeding channel in two places (Fig. 21) . In this case, the connections were assembled in a distance of ¼ plate width from each end of the channel. The module was 
Conclusions
The driving force of MD depends, in a significant degree, on turbulence of stream flow in the membrane module. Therefore, the hydrodynamic conditions existing in the module have a large influence on the MD process efficiency. Just as in the modules used for pressure-driven processes, it is important to minimize the flow resistance through the MD module channels. However, the reason for this was different, because the pressure drop is not limited, rather, the hydraulic pressure should be as low as possible, so as to restrict the membrane wettability. The maintenance of adequately high flow rates limits the concentration polarization and fouling, but in the case of MD modules the magnitude of temperature polarization also has a www.intechopen.com substantial influence. The latter polarization can be significantly reduced when the flow turbulence yield a heat transfer coefficient above 5000 W/m 2 K. This coefficient is affected by the value of the flow rate as well as by the design of flow channels. The filling of channels with nets or an arrangement of braided capillary membranes ensures an increase in the flow turbulence and good conditions for heat transfer can be achieved at lower values of flow rates. Therefore, in the case of MD modules construction, one should consider design requirements typical for pressure driven membrane processes as well as a necessity to ensure the appropriate conditions for heat transfer. The efficiency of MD capillary modules is significantly affected by the manner in which the membranes are arranged within a housing. A traditional construction based upon the fixation of a bundle of parallel membranes solely at their ends causes that the membranes arranged themselves in a random way. This creates unfavorable conditions of cooling of the membrane surface by the distillate; hence, the module efficiency is reduced due to the enhancement of temperature polarization. On the other hand, arranging the membranes in a way to ensure a uniform distribution over the module cross-section (braided membranes or supported by sieve baffles alongside module) increases the efficiency over 100%. The feed temperature in MD module decreases due to the evaporation, which also causes a reduction of MD driving force, besides the temperature polarization. Therefore, the permeate flux can be increased several times when the feed outlet temperature is closed to its inlet temperature, which is obtained by increasing the flow rate. The optimal value of the flow rate for several studied modules amounts to 0.6-1 m/s and 0.4-0.7 m/s for feed and distillate, respectively. The constant evolution of the calculation capacity of the modern computers implies in a permanent effort to adjust the existing numerical codes, or to create new codes following new points of view, aiming to adequately simulate fluid flows and the related transport of physical properties. Additionally, the continuous improving of laboratory devices and equipment, which allow to record and measure fluid flows with a higher degree of details, induces to elaborate specific experiments, in order to shed light in unsolved aspects of the phenomena related to these flows. This volume presents conclusions about different aspects of calculated and observed flows, discussing the tools used in the analyses. It contains eighteen chapters, organized in four sections: 1) Smoothed Spheres, 2) Models and Codes in Fluid Dynamics, 3) Complex Hydraulic Engineering Applications, 4) Hydrodynamics and Heat/Mass Transfer. The chapters present results directed to the optimization of the methods and tools of Hydrodynamics.
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